Abstract Low negative electrode potential and high reactivity makes lithium (Li) ideal candidate for obtaining highest possible energy density among other materials. In this work we show a novel route with which the overall electrode potential could significantly be enhanced through selection of cluster size. Using first principles density functional theory and continuum dielectric model, we studied free energy and redox potential as well as investigated relative stability of Li n (n B 8) clusters in both gas phase and solution. We found that Li 3 has the lowest negative redox potential (thereby highest overall electrode potential) suggesting that cluster based approach could provide a novel way of engineering the next generation battery technology. The microscopic origin of Li 3 cluster's superior performance is related to two major factors: gas phase ionization and difference between solvation free energy for neutral and positive ion. Taken together, the present study provides insight into the engineering of redox potential in battery and could stimulate further work in this direction.
Introduction
During the last two decades lithium-ion batteries (LIBs) have found widespread application in markets ranging from consumer and portable electronics to electric vehicles (EV's). Although evolutionary, steady improvement in electrode materials and enabling cell design has led to steady increase in their energy density from 60 to 150 Wh/Kg (at a cell level) on commercial basis [1] [2] [3] . With new emerging high voltage cathodes and electrolytes this could practically reach to 300 Wh/Kg in coming years [1] . Apart from performance and safety, cost of LIB's are other major factors that limit their market penetration. Nevertheless, the technology has developed tremendously during the last decades to enable EV's to have a driving range of 100 miles on single charge. By 2017 and beyond, a number of automakers have promised EV's in the range of 200-250 miles with price range in vicinity of gasoline cars [4] . Despite such progress battery pack needs to come down to the range of 125 Wh/Kg [1] with a significant increase in energy density for mass adoption. This calls for significant R&D push for fundamental breakthrough and innovation in the area of high-energy density battery chemistry. In particular, atomic scale design of electrode material could provide immense opportunities for better electrode materials. This requires a multi scale approach that links fundamental properties to better engineering performance.
It is now well known that different physical and chemical properties of small atomic clusters vary with size non monotonically and clusters could exhibit different properties compared to their bulk [5, 6] . Indeed, properties of these small atomic clusters can be drastically affected on addition of even a single atom [7, 8] . In LIBs, cathodes typically consist of compounds of lithium whereas anodes consist of layered graphite structures which facilitate the intercalation of lithium ions during charge accumulation process. The absolute redox potential of lithium ion is 0.86 which refers to the redox potential (RP) of a single lithium atom. Improvement of even a few percentages in this value could have huge impact on the energy density of LIBs. In fact, the RP can be effectively manipulated with the use of different electrolytes. Once an electrolyte is chosen on the basis of its compatibility, such as ion stability, safety etc., other methods are explored that could improve the RP in LIBs.
The propensity of chemical species to donate or accept an electron in electrolytic solutions is defined as the standard redox potential (E 0 ). It is one of the fundamental properties of a molecule/atom which determines its chemical reactivity [9, 10] . Typically, the standard RP can be evaluated by the following steps: first, the gas phase ionization energy is calculated and next, the solvation energy is calculated and finally addition of the two provides total Gibb's free energy [9] . The solvation energy can be calculated using either explicit [11, 12] or implicit [11] [12] [13] solvation model. Both these procedures provide reasonable agreement with the experimental values. For example, systematic assessment of required computational protocol for obtaining reliable RP in solution phase is studied by Baik et al. [12] , standard redox potential of diverse organic molecules and free radicals in acetonitrile are reported by Yao et al. [9] . Similarly, Steven et al. [14] studied the RP of transition-metal complex. Bryantsev [15] studied solvation free energies of Li ? and O 2 -and lithium oxygen compound in acetonitrile using mixed cluster/continuum model.
In this report, we have used ab initio molecular orbital formalism [16, 17] based on density functional theory [18, 19] for the calculation of self-consistent field (SCF) energy, Free energies of Li n (n B 8) clusters in gas phase (GP) as well as in acetonitrile (MeCN) phase. To understand the nature of RP of lithium clusters, we investigated the solvation free energy of neutral Li n and cationic Li n 1 clusters of different sizes. On the basis of changes in RP of lithium with cluster size, it is found that Li 3 cluster has the highest redox potential and could be a better alternative for anode material instead of Li atom. This study provides an innovative path to enhance the electrode potential which is of immense importance in the lithium ion battery technology as it excludes the necessity of manipulating the electrolytic material and/or anode composites. In addition, other suitable cluster assembled materials could also be explored for battery technology that could have much better properties compared to the current technology. We describe below details of our methodology and theoretical scheme followed by results and discussions. We conclude our work with summary in ''Conclusions'' section.
Computational Method
We have selected most stable isomer for each Li n cluster according to earlier reports [20] . The stable isomers were optimized in gas phase at the B3LYP/6-31 ? G(d) level of theory. The functional B3LYP [21] includes both Becke's 1988 gradient corrected exchange functional [22] and Lee, Yang, and Parr (LYP)'s correlation functional [23] . The basis function 6-31 ? G(d) [24] [25] [26] is a valence double-zeta polarized basis set in which each core basis function is represented by six Gaussian functions and each valence basis function, split into two parts, represented by three and one Gaussian. Diffuse functions were further added to make the basis functions more effective [27] . To obtain Gibbs free energy and zero point energy (ZPE) correction, force constants were computed using optimized structure at the same level of theory. The optimized structures in the gas phase were re-optimized in MeCN solvent at B3LYP/6-31 ? G(d) level. MeCN was considered not only because of its routine use as an organic solvent for the measurement of RP [9] but also due to available experimental and theoretical data for comparison [28] .
The free energy of solvation were calculated using the polarizable continuum model (PCM) [29, 30] . In the PCM model, spherical cavities are created around the atoms in the dielectric medium where clusters are placed. This dielectric medium is defined by its dielectric constant, for example, MeCN has a dielectric constant of e = 35.7. The cavities used in PCM, are generated by a series of overlapping spheres. These spheres can be defined by van der Waals radii of the individual atom in the cluster. The total solvation energy consists of free energies obtained during the formation of cavities in continuum medium (cavitation energy) together with solute-solvent interaction and solute polarization i.e. electrostatic interaction Engineering Redox Potential of Lithium Clusters for… 2781 (electrostatic) energy and non-electrostatic interaction (dispersion and repulsion) energy;
The dispersion and repulsion interaction terms are included in the total solvation free energy by the computation model proposed by Floris and Tomasi [31, 32] . All the calculations, i.e. optimization of clusters, single point energy calculations in both gas phase and solvent phase were carried out by using the Gaussian09 code [33] .
Calculation of Standard Redox Potential
The following reaction mechanism represents the one-electron redox potential of a lithium cluster in acetonitrile;
where Li n and Li þ n corresponds to neutral and cationic lithium clusters respectively. The absolute redox potential of the lithium cluster is defined as;
where DG 0 t ð Þ corresponds to the total change in Gibbs free energy of reaction (1), n is the number of electrons (here, n = 1) transferred in between lithium cluster and acetonitrile solvent, and F is the Faraday constant (96,485.338 C/mol) [34] . BornHaber thermodynamic [35, 36] cycle has been used to calculate the total change in Gibbs free energy as illustrated in Fig. 1 . Total change in Gibbs free energy can be calculated from the following relation; where, DG 0 solv; Li n À Á and DG 0 solv; Li þ n À Á are solvation energies of neutral and cationic Li n cluster in acetonitrile, respectively. DG 0 GP ð Þ is the change in Gibbs free energy in the gas phase which is expressed as;
where, G 0 GP; 298 K; Li n ð Þand G 0 GP; 298 K; Li þ n À Á respectively are Gibbs free energy of neutral and cationic lithium cluster in the gas phase at 298°K. The value 5 = 2 RT is taken due to convention, where electron is assumed to be a particle and its thermal energy is considered in the context of an ideal monoatomic gas. Furthermore, another correction term, RT ð Þln 24:46 ð Þ ð Þshould be included due to the change in the standard state from 1 atm to 1 mol/L [37] . Applying these two corrections simultaneously for electron, Eq. (4) turns out to be of the form;
Additional two terms of Eq. (3) can be calculated from the following relation;
where, G Making use of the above Eqs. (5), (6) and (7), the absolute redox potential (E abs 0 ) is then calculated using Eq. (2). Since redox potential is relative and its accurate measurement requires a reference point, therefore a standard hydrogen electrode (SHE) is used as the reference electrode. The resultant RP thus can be expressed by the following relation;
where the value of SHE [38] is reported to be 4.43 V. The above formalism to compute RP of different metals has been successfully used by others in the past and our computed results agree with the published results [15, 28] .
Calculation for Investigation of Stability
In order to investigate the stability of lithium cluster we have calculated the following terminology: Binding energy per atom is defined as;
The fragmentation energy for a cluster of size n is calculated from the equation;
Second difference of binding energy is defined as
Results and Discussion
Before proceeding into the details of our main objective, it is essential to discuss the structure of Li n clusters. Previous studies suggest that the energy surfaces of the lithium clusters show shallower minima which gives rise to large number of atomic structures for a particular cluster with similar energies [20] . Making use of our own calculations along with previous studies, we considered atomic structures having lowest energies for our investigation [39] . 0 . According to earlier report [20] , for Li 5 and Li 6 clusters, trigonal bi-pyramidal structure (D 3h ) and quasi-planar pentagonal pyramid structure (D 5h ) were respectively selected. For Li 7 , the stable isomer is pentagonal bi-pyramidal (D 5h ) and for Li 8 , stable isomer is caped pentagonal bi-pyramid (Fig. 2) .
The ionization potential of stable structure of Li n clusters were further calculated, the results of which are provided in Table 1 . The IP values of the Li n follow the odd-even oscillation trend, with higher value for even numbered lithium clusters (Li 2n ; n 4) and lower for odd numbered lithium clusters (Li 2nÀ1 ; n 4) except for single lithium atom which have highest IP value of 5.62 eV. Such type of undulation in the values of IP occurs due to the electron pairing effect [41] . As Li 2n clusters possess even number of valence electrons, they therefore have higher stability in contrast to Li 2nÀ1 clusters [41] [42] [43] . The IPs for Li 1 and Li 2 which is more than 5 eV, is higher among all the clusters suggesting that the removal of a single electron from the Li 1 and Li 2 require much higher energy. It is observed that the IP of Li 2nÀ1 clusters decreases whereas for Li 2n clusters, initially IP increases (up to n = 6) and then decreases gradually. In Li 2nÀ1 clusters, the IP of Li 3 is higher (0.08 eV) than Li 5 and much higher (0.24 eV) than Li 7 suggesting much greater stability in comparison to other Li 2nÀ1 clusters.
After thorough investigation of IP in gas phase (GP), we solvated lithium clusters in acetonitrile to observe the change in total Gibbs free energy (DG o (t)) and redox potential, the result of which has been illustrated in Table 1 . Similar to IP, the DG o (t) also shows odd-even oscillation with respect to cluster size. For Li 2n clusters, increase in DG o (t) was observed in the beginning after which decrease in the DG o (t) was noted. Such increase and decrease in the DG o (t) value occurs in an alternate fashion which varies with the cluster size. Besides, it is found that Li 6 possesses free energy which is approximately 7.60 kcal/mol lower than that of Li 8 , 5 . These additional features arise due to solvation energy of lithium cluster in acetonitrile. It is observed that Li 3 has the lowest (5.10 kcal/mol) free energy among all the lithium clusters Li n (n B 8) and it is *14.74 kcal/mol lower than that of Li atom, whereas Li 8 has highest free energy (28.87 kcal/mol) among all Li n clusters (n B 8).
The variation of absolute redox potential E 0 abs À Á of lithium cluster with size has been shown in Fig. 3 . Since there is a direct relationship between the redox potential (RP) and total Gibb's free energy, which can be realized in terms of Nernst's equation (see Eq. 2.), thus it is highly expected that the RP would show similar variations as in the case of total Gibb's free energy. The E 0 abs of Li atom is *0.86 V which is much lower than Li 8 (1.24 V), but higher than the value of E The dependence of E 0 V=SHE ð Þ ) with Li n clusters size can be explained on the basis of the spin pairing effect and solvation energy in acetonitrile. As it has already been discussed, IP shows odd-even oscillation due to the pairing of electrons in the It is well understood that total Gibbs free energy includes both free energy (in gas phase) and differential solvation energy, DDG o (solv) of Li þ n and Li n clusters in acetonitrile phase. Also, Gibb's free energy in the gas phase directly depends on IP. For Li 1 and Li 2 , IP values are 5.62 and 5.24 eV, respectively. Since the values of DDG o (solv) for Li 1 and Li 2 are more negative, thus total Gibb's free energy increases towards Li 2 (i.e. E 0 (V/SHE)) turns more positive as we move from Li 1 towards Li 2 ). Again for Li 3 , IP value is 4.18 eV corresponding to a DDG o (solv) value which is more positive in contrast to both Li 1 and Li 2 . Furthermore, the total Gibbs free energy attains a minimum (i.e. E 0 (V/SHE) attains highest negative value of -4.21 V) with a value of 5.10 kcal/mol. So we conclude that besides IP, the solvation energy also plays a crucial role in the enhancement of RP in Li n clusters with the latter being the dominant factor. For Li 4 , the IP value is 4.53 eV while DDG o (solv) value is more positive, as a result of which DG o (t) attains the second most highest value (i.e. E 0 (V/SHE) becomes more positive). Similar trends were observed in the case of Li n clusters with higher orders of n.
From the detailed discussions and observation done in this particular section, Li 3 cluster, due to some of its special properties, such as lowest Gibbs free energy (5.10 kcal/mol) and most negative redox potential with respect to SHE (-4.21 V), can be termed as a ''Superatom'' as it would have significant impact on increasing the cell voltage (especially, its ability to escalate the electrode potential) if achieved experimentally. Total cell potential is the difference between cathode (positive) and anode (negative) as shown below:
As shown in the Eq. (9), the cell potential will be high if the cathode E 0 (cathode) is maintained at a positive high and anode E 0 (anode) at negative high. If the potential of E 0 (cathode) is kept at a fixed value then the net electrode potential will depend on the potential value of E 0 (anode). In LIB, lithium ions are intercalated between the layers of graphite whereas in Li-air Battery, anode consists of only pure lithium metal [44, 45] . If the anode hypothetically consists of lithium clusters then each cluster would possess a specified value of E 0 abs which would be summed up to give anode potential E 0 (anode). With respect to a fixed cathode, the total electrode potential would be highest for lithium cluster having the lowest positive E 0 abs (i.e. most negative E 0 (V/SHE)). Since for Li 3 cluster, E 0 abs has a lowest positive value of 0.22 V corresponding to highest negative value of E 0 (-4.21 V with respect to SHE), therefore the anode potential and subsequently the overall electrode potential is improved. In contrast, the working electrode potential realized in the case of lithium atom stands at -3.57 V. Hence this report finds Li þ 3 cluster assembled materials as a potential candidate to replace lithium atom in Li-ion batteries which could possibly cause an enhancement of *0.64 V to the overall working electrode potential. Cluster assembled materials were proposed a long time ago and there are many examples of cluster based materials are available to explore in battery technology [46, 47] .
Stability of Li þ 3 Cluster
Stability of the lithium cluster is also an important factor in context to Li-ion battery. In order to analyze the relative stability of lithium clusters which is defined as dynamic stability, we have calculated normalized binding energy, fragmentation energy and second difference in binding energy which is discussed in following section.
Binding Energy per Atom
Normalized binding energy (BE/n) was calculated for the most stable neutral and cationic lithium cluster in GP as well as in AN which is shown in Table 2 and plotted in Fig. 5 for easy analysis. Our calculated value of BE/n in GP exhibit an excellent agreement with previous reported theoretical [48] and experimental [49] value although the BE/n in MeCN is not compared due to unavailability of earlier reports. For neutral Li n cluster in GP, BE/n tends to increase with increasing cluster size although in MeCN, BE/n shows oscillatory behavior. This is consistent with small metallic clusters where the closed shell species are more stable than open shell species. For cationic Li n ? cluster in GP as well as in MeCN, BE/n shows the opposite behavior in odd-even oscillation in which cation bearing a closed shell electron configuration (Li 3
? , Li 5 ? , Li 7 ? ) have larger BE/n value [48] . The increase of BE/n with size shows greater stability as cluster grows in size, however shows slightly changes in Li 3
? , Li 5 ? and Li 7 ? . Hence, for conformation of stability we need to analysis fragmentation energy and second difference of binding energy.
Fragmentation Energy and Second Differential of Binding Energy
In order to analyze the stability of lithium clusters we also calculated fragmentation energies (FE) which is shown in Fig. 6 . Our calculated FEs are in very good agreement with earlier published report [50] . The FEs are very sensitive to relative stabilities. In Fig. 6 , FEs for Li n in GP shows oscillatory behavior with increase in cluster size and indicate that Li 2n clusters are more stable than the odd one due to spin stabilization. On the contradictory, for Li cluster, FEs is higher among all cluster which shows the maximum stability. Same In cluster physics, the quantity D 2 E b is commonly known to represent the relative stability of cluster of size n with respect to its neighbors. Figure 7 shows the variation of second differential binding energy per atom with cluster size. The plot shows that Li 3 ? in GP have lowest negative value of D 2 E b which corresponds to highest stability of Li 3 ? among all cationic and neutral lithium cluster cluster. Our study about the stability of Li 3 ? is strongly supported by the earlier published report by Boldyrev et al. [51] where the stability of Li 3 ? is explained on basis of aromaticity.
Conclusions
In this paper, we have investigated the evolution of redox potential of lithium clusters with size and found odd-even oscillations (similar to the ionization potential) which occur due to the pairing of electrons as well as solvation free energies of both neutral and cationic clusters in acetonitrile. The intriguing electrochemical properties of lithium clusters towards energy storage were further corroborated by computational analyses (to investigate the related quantum mechanical aspects) which showed that Li 3 cluster has lowest free energy, highest negative redox potential (E 0 (V/SHE)) and/or lowest positive (E 0 (abs)). Due to these peculiar characteristics, Li 3 cluster could be used as a potential component for the fabrication of high performance anode material for lithium ion batteries. As stability of cluster is also an important factor in LIB, hence for the investigation of the stability of lithium cluster we calculated normalized binding energy, fragmentation energy and second differential of binding energy. Our calculation as well as previous study suggest that Li 3 ? cluster is more stable among other lithium cluster. Our predictions are amenable to experiments. For example, Kohanoff and coworkers, using electronic structure calculations, first predicted intercalation of Li 12 cluster in fullerene crystals [52] . Following this study, Martin et al. [53] verified the prediction in their gas phase study. Subsequently Cristofolini et al. [54] showed experimental evidence of crystal structures of Li 12 intercalated in C 60 crystal. These studies clearly show that cluster intercalation solid is indeed provide a different way of intercalation compared to single atom or single molecule intercalation and could be exploited, for example, in making battery electrodes. It is relevant to point out here that other simple metal cluster intercalation such as K, Rb, Cs as well as binary clusters like Li 2 Cs in fullerene crystals exist [55] and these class of compounds could be explored for their possible uses as electrode materials. Clearly, further theoretical and experimental work is needed towards stabilizing these molecular clusters either in a host matrix or in its pristine state for harnessing their potential benefits. This work is definitely a step towards this direction.
